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y rays were measured at several angles in both singles and coincidence modes in the ''*Sn(a,ny)!"®Te
reaction at 15 MeV on a thick target. Multipolarities and mixing ratios were determined from the y-ray angular
distribution analysis. Lifetimes of 11 low- and medium-spin excited states in ''®Te were determined from
a Monte Carlo Doppler-shift attenuation method analysis of the Doppler broadened line shapes of y rays
deexciting the levels. The results are discussed in comparison with the predictions of the interacting boson

model.
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I. INTRODUCTION

At low spin, tellurium nuclei show a specific behavior of
quadrupole vibrators, which is practically preserved along the
whole isotopic chain. Besides this type of collective feature,
intruder states are expected in such nuclei near (proton) shell
gap. Such states arise from two-proton excitations from the
89,2 shell across the Z = 50 closed shell, are more deformed
than the “normal” low-lying, spherical states, and are lowest
in energy in the middle of the shell (Refs. [1-3]). Such states
were observed in Cd, Sn, Sb, and I isotopes (Refs. [1-4]
and references therein) and are also expected to occur in Te
isotopes. However, in Te isotopes, such deformed, rotational
structures have been clearly observed only at higher spins
where the bands are better defined [5,6], whereas at lower
spins the observed structures are rather irregular and difficult
to assign.

The nucleus ''®Te is in the middle of the neutron shell
(N = 60), therefore one expects to have an intruder rotational
band based on a low-lying 0" state. This idea appears to be
supported by the fact that this isotope has the lowest-lying
O;r state within the Te chain. On the other hand, on top of
this state, one does not observe a regular band among the
several known 27 and 47 excited states. At higher spins, there
are regular bands which could be interpreted as being due
to intruder states [6], but their continuation at lower spins
is not obvious. One explanation could be that the intruder
states are mixed with the normal ones, causing a distortion
of both sequences. The systematics of the lower-spin states
in the !'"~!2%Te isotopes were reasonably well described
in terms of mixed-configuration interacting boson model-2
(IBA-2) calculations, where two bosonic configurations
differing by two in the total number of bosons are
mixed [4].

To distinguish between states with strong intruder character
and “normal” configuration states, and to understand their
mixing, one needs comprehensive information on the electro-
magnetic transition probabilities between low-lying nonyrast
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states. These states are optimally populated through reactions
using light projectiles (such as p, n, ) and their lifetimes
can be measured using the Doppler-shift attenuation method
(DSAM) (see Refs. [5,7-9]).

In the case of '3Te, the lack of experimental information
concerning the low-spin states prohibited such a detailed
investigation. Previously, excited states in ''8Te [10] were
populated and studied in the B+ decay of ''8Sb [11,12], in
(o¢,xm) reactions [1,13], and in heavy-ion induced reactions
[6,14]. Information regarding lifetimes and electromagnetic
transition probabilities in the ground-state band comes from a
heavy-ion experiment [14]. No information on the lifetimes of
low-lying nonyrast states exists. In the present work, excited
states in ''8Te were populated through the '"Sn(a,n)''8Te
reaction at 15 MeV bombarding energy. Level lifetimes were
extracted by the DSAM, from the analysis of the experimental
y-ray line shapes.

The small recoil velocities (typically v/c ~ 0.3%, cor-
responding to recoil energies of ~500 keV) and the side-
feeding pattern of the («,n) reaction make the application
of the DSAM in this case difficult. However, as shown in
a previous publication [9], a correct treatment of the level
side feedings enables a reliable extraction of the lifetimes. In
Sec. II some details of the method are discussed. Section III
presents the results of the measurements. In the last section,
a discussion of the electromagnetic transition probabilities is
made in comparison with predictions of the interacting boson
approximation (IBA).

II. EXPERIMENTAL ARRANGEMENT

Excited states of !'"8Te were populated in the
1158n(a,n)! 18 Te reaction, induced by a 15 MeV, 2 pnA “He*?
beam delivered by the Bucharest FN tandem accelerator on
a 3.7 mg/cm? tin foil, and studied by y-ray spectroscopy.
The target had a 51.2% enrichment in ''>Sn and contained
other tin isotopes as well: 24.4% '°Sn, 5.4% ''Sn, 7.4%
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FIG. 1. (Color online) Top: Entry state population of ''3Te, popu-
lated in the ''>Sn(a,n) reaction at 15 MeV, calculated with the COMPA
code. The slowing down of the a-particle beam in the thick target is
taken into account. Some 10° Monte Carlo events were simulated.
Both yrast levels and known levels above the yrast line are shown.
Yrastline approximationis Ej, = 0.02725 + 0.257871 + 0.0075912.
Bottom: Experimental (circles) and calculated (solid line) distribution
of normalized intensities along the yrast line of !'8Te, populated in
the reaction ''>Sn(a,n) at 15 MeV.

118Sn, 1.9% '1°Sn, and 6.7% '*°Sn. The y rays were detected
using an array of seven 55% efficiency high-purity germanium
(HPGe) detectors, five placed in a ring at 37° with respect
to the beam axis in the backward direction, one at 90°, and

PHYSICAL REVIEW C 83, 054310 (2011)

TABLE 1. Level lifetimes in '"®Te as measured in the present
work. For each level, the y -ray transition used for the DSAM analysis

is mentioned.

Ejever (keV) Jr E, (keV) 7 (ps)
1150.8 2F 1150.8° 1.2%93
1482.1 2f 1482.1° 0.9%03
1702.7 45 551.8° >1
1891.9 37 1286.3¢ >2.5
1944.5 3 1338.8° 0.95+£0.20
1976.1 4f 770.0, 1370.4 1.0%93
2020.6 (2+,3%) 869.4, 1414.9* 0.35707
2150.2 65 943.7% 1.079%
2367.8 5F 1161.2° 1.3%90%
2571.2 57 1364.7° 0.457515
2573.9 8 753.0° 0.95702
2999.7 i 1179.0° 0.70%072

“Evaluated from the spectra at 10°, 37°, and 53°.
YEvaluated from the spectra at 10°, 37°, 53°, and 90°.

one movable in the forward direction. The y-ray spectra were
calibrated using standard '>?Eu and %°Co sources, and the gain
stability during the experiment was monitored using a weak
%0Co source conveniently placed near the reaction chamber.
The data were recorded in both singles and coincidence list
modes. In the latter case, the trigger condition was that two
y rays were detected in coincidence. The singles spectra
were used for line-shape and angular distribution analysis,
while the lower statistics coincidence data were used to check
feeding relationships and also for line-shape analysis of y-ray
transitions affected by the presence of strong contaminant
peaks. The angular distribution of y-ray intensities in the
singles spectra, measured at six angles between 10° and 90°
were used to extract the intensity of the transitions and the
E2/M 1 mixing ratios § when the measured points had a small
uncertainty.
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FIG. 2. Level and y-ray decay scheme of '®Te. This is only a qualitative drawing showing levels for which new information was obtained

in the present work and levels that are discussed in Sec. IV.
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TABLE II. Experimental characteristics of y-ray transitions in ''"®Te as determined in the present work. The transition probability B(o'A)
values contain also a 15% uncertainty due to the uncertainty in the stopping power. For the procedure of calculating the errors of the B(o )
values, see Ref. [9]. The subscript of the spin value is the experimental level order number.

Eiever (keV) 7 (ps) E, (keV)  JT— T I, a as 8 or  B(or) (Wu.)
605.7 8.8+ 1.4 605.7 2f —0f 100+5 0.16(1)  —0.07(1) E2 33%¢
1150.8 12755 545.1 25 —2f 18+2 —-0.01(1)  —0.041) —035+£0.02 M1 9.5%37 x 1072
E2 2877
11.0757 M1 85%33 x 107
E2 26471
1150.8 25 —0f 51406 0.18(2)  —0.07(2) E2 1.8707
1206.4 4.4+0.8° 600.7 4f —2f 5242 0.26(1)  —0.09(1) E2 69717
1482.1 0.9%%5 331.0 2F - 2F 0.340.1° 0.11(5)  —0.06(6) —025+0.05 M1 247} x 1072
E2 9.57%3
44403 M1 1272 x 1073
E2 1664}’
524.4 27 — of 1.0+0.2° 0.17(7)  —0.07(5) E2 60733
876.4 25 —2f 6.5+£0.5  —0.03(1) —0.042) —0.364£0.02 M1 287 5¢x 1072
E2 34750
16.0+2 M1 1378 x 1074
E2 30718
1482.0 2f - 0f 0.6+0.1 E2 020704
1702.7 >1 496.8 4f — 4f 3£1° 0.12(5)  —0.06(2) 1.724£0.08 M1 <0.018
E2 <160
551.8 4 —2f 54404 0.27(2)  —0.122) E2 <210
1097.5 4 —2f 0.8+0.2¢ E2 <l1.1
1820.8 34405 614.4 67 — 47 1541 0.31(1)  —0.11(1) E2 80T 15
1891.9 >2.5 685.2 37— 4f 1.0£0.1 0.1009)  —0.05(11)  045+029 M1  <1x 1072
E2 <45
741.2 3F —2f 24401  —0.04(3) 0.01(3) 0.16£0.02 M1 <18x107?
E2 <0.7
1286.3 37— 2f 1.240.1 0.04(6) 0.01(8) 020+0.04 M1 <1.6x 1073
E2 <0.036
1944.5 095+020  738.1 3 =>4 0.15+0.03° (El) 3.5%5 x 107
793.7 37— 2f 0.054+0.01° (E1) 94753 x107°
1338.8 37 —=2f 39402  —0.21(2) 0.04(3) El 16795 x10™*
1976.1 10403 273.1 4f — 4f 0.23£0.05 M1 53777 x 1072
E2 529+
770.0 4f — 4f 22402  —0.025) —0.11(6) +3.4103 M1 17107 x 1073
E2 27!
1370.4 4 —of 32403 0.25(6)  —0.09(7) E2 24150
2020.6 0.35793% 869.7 (2t3")—2f  0.5+£0.1 0.25(26)  0.12(32) +6.0+£03 M1 437 x 107
E2 13+
14149  (2*3H—2 22402 0.04(20)  0.02(23) M1 1576 x 1072
2150.2 1.0%90% 329.3 65 — 6 22402 0.22(3)  —0.05(4) -03+02 M1 0.27%0 00
E2 <80
447.4 65 — 4f 0.4+0.1° E2 82438
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TABLE II. (Continued)

Ejeyer (keV) 7 (ps) E, (keV)  JT = JT 1, a ay 8 ok B(oAd) (Wu)
943.7 65 — 4f 2.6+£0.3 0.348)  —0.09(0) E2 1373
2367.8 13798 391.8 57— 47 0.10£0.02¢ M1 1.2%0% x 1072
475.8 50— 3f 0.6+0.1° 0.22(6) —0.07(7) E2 134771
665.1 57— 4f 0.4+0.1¢ 409703 M1 16734 x 1073
E2 1078
1161.2 57— 4f 1.440.1 0.19(8) —0.12(10)  +7.0%0% M1 12707 x 107
E2 3.6759
2571.2 0.601032 626.7 57)— 37  0540.1¢ 0.24(4)  —0.11(5) E2 104155
1364.7 57) — 4 1.60.2 (El) 2273 x107*
2573.9 1.10%033¢ 753.0 87 — 6] 1.140.1 0.25(7)  —0.14(8) E2 76133
2999.7 0.7079% 426.1 77— 8 0.02+0.01¢ El 2172 x 10
850.1 77— 67 0.1140.03¢ El 12703 x107*
1179.3 T 6F 0.64+0.03  —0.37(14) 0.17(17) El 2575 x 1074

2Lifetimes from Ref. [14].

"From Ref. [10].

“Branching ratio adopted from Refs. [6,10] and this work.
dBranching ratio from Ref. [6].

¢Branching ratio from Ref. [6] and this work.

"Branching ratio from Refs. [6,10].

¢Lifetime adopted from Refs. [6,10] and this work.
"Previously unknown transition.

iEvaluated assuming J™ = 37,

III. EXPERIMENTAL RESULTS

A. DSAM analysis

The application of the DSAM for the («,n) reaction on
relatively heavy target nuclei (A > 100) has some specific
advantages compared to the heavy-ion (HI) induced reactions:
(1) low and intermediate spin states above the yrast line are
more strongly populated, (ii) the influence of cascade feeding
from discrete levels above is much smaller, (iii) side feeding
is realized mainly by fast statistical E1 transitions from the
entry state continuum, and (iv) due to the small amount of
open reaction channels at low beam energies, high-statistic
single y-ray spectra are clean and suitable for the line-shape
analysis. In our case, however, the strong contamination of
the target with other isotopes limited the analysis to intense
transitions that did not overlap with transitions from other
reaction channels.

The main disadvantages of using the DSAM in the («,n)
reaction are as follows: (i) relatively small recoil velocities
(typically v/c ~ 0.3%) resulting in a small Doppler effect,
which is smaller than the resolution of HPGe detectors even
for E, > 1 MeV; therefore, the method sensitivity relies on
good energy resolution of the HPGe detectors (<2 keV at
1.332 MeV) and well-defined instrumental line shapes; (ii) the
role of cascade feeding is rather small so that well-known
special gating techniques (flight gate transition above and
narrow gate transition below) cannot be applied; and (iii)
at these recoil energies, the nuclear component of the recoil

stopping power is dominant, which results in the fast slowing
down of the recoils in the target (stopping time f is typically
less than 0.5 ps), thus making measurements of lifetimes with
T > 1 ps very difficult; and (iv) even relatively short effective
side feeding times (=0.1-0.2 ps), being comparable with f,
can drastically disturb the results of lifetime determinations,
therefore the side feeding pattern should be carefully taken
into account.

The present analysis of the experimental DSAM line shapes
is similar to that described in detail in Ref. [9]. It was carried
out using updated versions of the Monte Carlo codes COMPA,
GAMMA, and SHAPE, which are described in some detail in
Refs. [15-17] and were widely used before for «-particle and
HI induced reactions (latest publications are Refs. [9,18-22]).
This software includes the Monte Carlo simulation of the
production and slowing down of recoils as well as that of the
y-ray emission and detection. The COMPA program simulates
the reaction kinematics, the slowing down of the projectiles in
the target, the formation of the compound nuclei, the particle
emission, and the entry state population distributions. In the
GAMMA program, the slowing-down process and multiple
scattering of the recoils in the target, the emission of y-ray
cascades from the entry states to the level of interest, and
the detection of the y quanta in the detector system are
simulated. In the calculation of Doppler broadened line shapes,
not only the cascade feeding through all known levels is
taken into account but also the side feeding cascades from
each entry state. In the SHAPE code, the Doppler affected
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FIG. 3. (Color online) DSAM line-shape analysis of the 753 keV,
8" — 6/ transition. The dotted lines in the upper panels correspond
to the instrumental line shape, the solid lines are calculated for T =
0.95 ps. The x? analysis is presented in the bottom panel and reflects
only the statistical error.

line shapes resulting from the experiment are fitted with
calculated ones, taking into account the instrumental line
shapes of the detectors. Up to seven overlapping peaks can
be simultaneously fitted, which may have Doppler affected
or instrumental line shapes, using lifetimes, positions, and
relative areas as parameters.

The distribution of ''8Te entry states (i.e., states populated
after neutron emission, before y cascades) for the ''>Sn(a,n)
reaction at 15 MeV incident energy, calculated with the
COMPA code, is presented in the top of Fig. 1. The slowing
down of the a-particle beam in the thick target was taken
into account. Along with the yrast line, the known levels
above yrast are shown. As can be seen from this figure, the
population probability has a maximum at spins [ = 1-2 h
and sharply decreases with increasing spin. This distribution
is drastically different from the corresponding one calculated
for the ' Ag('3C, p3n)"'3Te reaction at E = 54 MeV [14],
where the maximum was located near I = 10 7.

PHYSICAL REVIEW C 83, 054310 (2011)

The entry states are the starting points of side feeding
y-ray cascades, which are simulated by the GAMMA code.
The competition between statistical E1, M 1, and E2, as well
as stretched E2 and M1 transitions defines the distribution of
side feeding times f, that is, the times which are needed
for the cascade to reach the destination level from the
entry state. Simultaneously with £y, other features of the
cascades such as multiplicity distribution and the distribution
of intensities along the yrast band are calculated. The side
feeding model is briefly described in Ref. [17]. In that
paper, dedicated to the investigation of the '?2Sn('*N,51)'3'La
reaction at E = 70 MeV, the comparison of experimental and
calculated populations of the yrast band levels was used for the
determination of the side feeding model parameters, later used
to take into account the side feeding delay times in DSAM
lifetime measurements. A similar method was also used for
the investigation of chiral bands in '?Cs, populated in the
1229n(19B, 4n) reaction [23]. As it turned out, in these reactions
both the intensity and time distributions are mainly defined by
features of stretched £2 and M1 transitions and depend only
slightly on statistical transitions.

Experimental and calculated (by the GAMMA program)
intensities of I — I — 2 transitions along the yrast line of
118Te  normalized to the ZT — OT transition, are presented
in the bottom panel of Fig. 1. A good agreement between
experiment and the model prediction was observed practically
independently of the side feeding model parameters. This fact
can be explained by the dominant role of the statistical (mainly
E'l) transitions in the side feeding pattern, which practically
does not change spin values of the entry state after the y
cascade. Therefore, the calculated distribution mainly reflects
the entry state distribution, and Fig. 1 shows that the compound
nucleus formation as well as the neutron evaporation pattern,
calculated by COMPA, are confirmed by experiment.

In this situation, only those experimental data that are
connected with the time evolution of side feeding cascades are
useful for the evaluation of the statistical cascade parameters.
Useful information could be a comparison of absolute level
lifetimes, measured in conditions where the side feeding is
absent [such as Coulomb excitation or the (n,n’) reaction],
with lifetimes measured by DSAM in the («,n) reaction.
This was done in the case of '2*Te [9], but it is impossible
to do so in the present case of the unstable ''8Te. So, only
some indirect data can be extracted. Since, in the first place,
the E1 statistical transitions strength fr; is important, the
corresponding parameter of the E'1 giant resonance o can
be used for the comparison with experiment. In the programs
COMPA and GAMMA the following approximation for near-
spherical nuclei with A > 50 is used [24,25]:

fe1 = (8.7 x 107800 E2T3 J[(E2 — E3)’ + E2T3], (1)

where E() = 50/A0'24, FO = 0.3E0, and o) = 106A/ Fo =
0.707A'?*. For "8Te, Ey = 15.9 and Ty = 4.8, and thus the
“standard” value of oy is 262. For the neighboring nuclei
19T and '”Xe, populated in the reactions '“Ag('3C, 3n)
and '"'Cd('?C, 3n), respectively, effective side feeding times
Teff = (tsr) have been measured by DSAM [26,27]. Since these
data were obtained for high spin state regions / = 39/2h and
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FIG. 4. (Color online) Line-shape analysis of the 1339 keV transition from the 3], 1945 keV state. This line is situated near the 1332 keV
line of the ®°Co calibration source. Left top panel shows the two peaks and the solid line is calculated for T = 1.23 ps and includes the
instrumental line shape. Solid lines in the other panels with the 1339 keV line-shape analysis are calculated for the indicated t values, and the
instrumental line shape is shown by the dotted line. The right bottom panel shows x 2 plots and the evaluation of the adopted lifetime value.

I = 18h, respectively, where side feeding is mainly realized
by statistical cascades, T can be regarded as suitable for the
oy evaluation. To evaluate oy, calculated t.¢(0() dependencies
were compared with the experimental values of 7. As already
mentioned, more direct data were obtained for '**Te [9]
by comparing lifetimes measured in the («,n) reaction with
DSAM lifetimes measured in the (n,n'y) reaction [8]. In
this case, the adopted value of oy = 273 4+ 50 MeV~! was
the same as the “standard” model prediction. Therefore, for
118Te we have also adopted the “standard” value of oy = 262.
This choice agrees with the values obtained for neighboring
nuclei with heavy-ion reactions (which have, nevertheless,
large errors). A 15% uncertainty arising from oy evaluation
was taken into account in the final error of the deduced
lifetimes. This uncertainty reflects possible fluctuations in the
dependence of fz; on the mass number, which may be quite
significant, as known from previous studies [24,28].

To evaluate the stopping power of the recoils, the Lindhard
correction factors for the electronic (f,) and nuclear (f,)
components were measured by line-shape analysis for the
19T recoils traveling into a '“Ag target [15]. Values of
fe=1.27+£0.07 and f, = 0.77 £ 0.07 were adopted for the
18Te recoils [14] and were also used in this work.

B. Lifetime results

For an easy presentation of the measurements and their
results, Fig. 2 shows the known levels of ''"®Te [10] for which
information on the lifetimes could be obtained in the present
work. The lifetimes determined from the DSAM line-shape
analysis are presented in Table I. Altogether, lifetime values or
their lower limits could be determined for 12 excited states. The
highest energy y-ray branches of these levels were generally
used for the DSAM analysis.
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The transitions from the 2999.4 keV, 8;’ and 2999.7 keV,
7; levels to the 6] state form an unresolved doublet at
1179 keV; however, the strong dipolar character of the angular
distribution of this y ray (see Table II) favors the assignment
of the lifetime to the 7| state at 2999.7 keV. Uncertainties of
the lifetime values from Table I include statistical and side
feeding contributions.

Examples of line-shape analysis for a few important cases,
which illustrate special features of the DSAM application for
(a,ny) reactions, are presented below. Many more different
examples, including levels with large cascade feedings and
analysis of regions with many overlapping peaks, are given in
our previous work [9].

The line-shape analysis of the 753 keV transition from the
87,2574 keV state is shown in Fig. 3. The Doppler broadening
of this line is smaller than that for the '°? Ag('*C, p3n)reaction
[14], but at the forward angles of 10° and 37° it is remarkable
enough for a reliable lifetime measurement. The determined
lifetime value, 7 = 0.951“8;(5) ps, is in reasonable agreement
with the values obtained by the DSAM and the plunger method
in Ref. [14] (tr = 1.2703 ps) and by the DSAM in Ref. [29]
(t = 1.3103 ps).

The 1339 keV y ray, corresponding to a transition from the
3] level at 1945 keV excitation, is located near the 1332 keV
line of the ®*Co source used for calibration. The left top
panel of Fig. 4 shows these lines and illustrates the high

quality of the instrumental line-shape calibration, which is
very important for the line-shape analysis at small Doppler
effect. The rest of the panels with the 1339 keV line shapes
illustrate the comparison of calculated and instrumental line
shapes at different angles. In this case, all spectra are suitable
for x? analysis, and the x 2 plots give a reliable adopted result.

Figure 5 illustrates the case of the 944 keV transition from
the 65 level at 2150 keV. This transition is not fully resolved
from a weak neighboring line. In this case, the line shape
shown at 143° was obtained in coincidence with the 849 keV
transition (Fig. 2).

The 1364 keV y ray corresponding to the transition 5~ —
4} from the 2571 keV level was found to contain 30% of
the transition 4] — 2 in '?Te, and the DSAM analysis took
into account the contribution of that state, whose lifetime was
determined in a separate experiment [30].

Besides the lifetimes given in Table I, and those of the yrast
states (g.s.b.) both below and above the 8] state [14], only the
lifetime of the 05 state at 957.5 keV was reported before, as
T =79 £ 65ps [10].

C. Angular distribution results

For the angular distribution measurements, the HPGe
detector kept fixed at 90° with respect to the beam axis
was used for normalization, while the mobile detector in
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the forward direction was positioned at six angles (10°, 37°,
53¢, 66°, 78°, 90°), the y-ray spectra being recorded in both
singles and coincidence modes. The experimental angular
distributions were fitted with the standard function W(0) =
Aoll + a> Pr(cos 0) + a4 P4(cos 0)]. The angular distributions
were also analyzed considering as fit parameters the mixing
ratio §(E2/M 1) and the degree of state alignment ¢ which is
the width of a Gaussian function describing the distribution of
the magnetic substate population [31]. In Fig. 6, some of the
fits to the measured y-ray angular distributions are presented.
The degree of alignment was estimated on a level-by-level
basis, by analyzing the pure transitions deexciting the level of
interest. The results of this analysis are included in Table II.
The branching ratios determined on the basis of our y-ray
intensities agree reasonably well with those given in Ref. [6].
A previously unknown branch, of 273.1 keV, was observed for
the decay of the 1976.1 keV, 4;’ state, toward the 4; state at
1702.7 keV.

D. Experimental transition probabilities

The reduced electromagnetic transition probabilities ex-
tracted from our data are also presented in Table II, including
some results from Ref. [14] that are important for the
discussion in the next section. A 15% error arising from
recoil stopping power uncertainty is also taken into account
in the Monte Carlo calculation of errors in B(o, A) (similar to
Ref. [9]). The procedure of deducing the substate alignment
and mixing ratio was inconclusive for some transitions from
the 2; state at 1151 keV and the 2; state at 1482 keV. As
a result of this, in Table II, there are two possible values
for the mixing ratio of three mixed transitions deexciting
these levels. For the 876 keV 27 — 2 transition, the value
8 = —0.36 £ 0.02 is close to the one given in the Evaluated

30 I 60 I 90
0 (deg)

Nuclear Structure Data File (ENSDF) [10] of —0.58“:8:82. For
the other two transitions, there is some preference for the
lower & values (see the discussion in Sec. IV). The transition
probabilities of the positive-parity states will be discussed in
detail later. For the negative-parity states 37, 1944.5 keV and
57,2571.2 keV, the B(E1) values deduced from the measured
lifetimes (Table II) are very similar to those known for the
corresponding states in '22Te [32].

IV. DISCUSSION

The occurrence of intruder states in the Cd and Sn isotopes
suggests that, by analogy, such states should appear also in
the Te isotopic chain. Although the energy level systematics in
Te isotopes have a different pattern if compared with Cd and
Sn isotopes, the strong dependence of the energy of the first
excited 0T state on the neutron number (with a pronounced
minimum at N = 66) was taken as a hint that this state has an
“intruder” character and should be the head of a deformed
rotational band [4]. However, such a rotational band was
not put into evidence in any of the tellurium isotopes. It is
argued in Ref. [4] that the mixing between the normal and
intruder configurations would strongly affect the members of
both configurations, obscuring the appearance of a rotational
band having as bandhead the first excited 0" state. This mixing
is predicted to affect also the B(E?2) transition strengths for
nonyrast levels, leading to values well outside the vibrational
limit.

The mixed-configuration IBA-2 approach was applied to
the '12-128Te isotope chain in Ref. [4] in order to take into
account the predicted mixing between normal and intruder
configurations. In this approach, the normal configuration
states (with N = N, + 1 bosons, where N, is the num-
ber of neutron bosons in Te) are mixed with an intruder
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configuration, having N, + 3 bosons. This approach provided
a good description of the levels known at the time, among
which were the 0" and 2% states, and claimed the largest
percentage of intruder configuration in the 0; and 23“ states of
116Te and 18Te [4].

Important information on the nature of the 0" states are their
EO strengths. Relative EO strengths for the ''8~122Te isotopes
were measured in the B decay of 118—1221 in Ref. [11]. The
relative EO strengths for the 0 state in the above-mentioned
isotopes have values close to the vibrational limit, while the

PHYSICAL REVIEW C 83, 054310 (2011)

values for the 07 are larger. This behavior was attributed to
the mixing between the 05 and 0] states, a strong argument
for this interpretation being the relatively intense EO transition
between them.

In the following, the absolute electromagnetic transi-
tion rates experimentally determined in the present work
will be compared with predictions of theoretical model
calculations.

We performed calculations with the interacting boson
model-1 (IBA-1) [33]. By comparing with IBA-1 predictions,

TABLE III. Comparison between the experimental and calculated (IBA-1 model) level y-ray transition probabilities. For the transitions
23 — 21,2f — 21, and 2§ — 27, the experimental B(o'A) values corresponding to the two possible mixing ratios of Table II are given.

Exp. IBA-1
Eywi (keV)  Transition (keV) — J7 — JT B(M1)(Wu.)  B(E2)(Wa)  Eja(keV) — B(M1)(Wu)  B(E2) (Wu.)
605.7 605.7 2f - of 3378 609.7 33
957.5 351.7 0 — 2/ 54 £45 1022.5 71
1150.8 545.1 2F —2f 9.5737 x 1072 2818 1174.1 7.5 x1072 34
8.5732 x 107 26471
1150.8 25 — 0f 1.8%07 0.35
1206.4 600.7° 4f —2f 69717 1224.2 63
1482.1 331.0 27— 2f 24708 x 1072 9.57%3 1549.6 4.5x 1072 25
1.2%02 x 1073 16614)°
524.4 2f — of 6073 32
876.4 2f - 2f 2.8%0% x 1072 3443 8.1 x 107 0.4
1.3%0¢ x 10~ 3011°
1482.0 27 - of 0.20%0 01 0.003
1517.3 366.5° 0 — 21 100¢ 1661.9 100
911.6° 0 — 2f 1.3(2)¢ 1.4
1702.7 496.8 4f — 4f <0.018 <160 1762.1 0.14 23
551.8 4f — 2f <210 39
1097.5 4f —2f <1.1 0.6
1820.8 614.4° 6] — 4f 80* 15 1851.4 88
1891.9 685.2 37— 4f <1x107? <4.5 1732.6 42 %1072 12
741.2 37— 2f <1.8 x 1072 <0.7 7.9 x 1072 42
1286.3 37— 2f <1.6 x 1073 <0.036 7.0 x107 0.4
1976.1 273.1 4f —4f 53T x 107 2097.7 8.1 x 1072 13.1
770.0 4 — 4 1.7799 x 1073 27! 4 %1073 0.65
1370.4 4f —2f 2479 0.005
2150.2 329.3 65 — 6] 0.3070;3 <80 2366.4 0.18 13.8
447.4 67 — 4F 82738 64.8
943.7 65 — 4f 1313 0.8
2367.8 391.8 57— 47 1.270% % 1072 2311.2 0.13 23
475.8 57— 37 134771 44
665.1 57— 4f 1.6753 x 1073 1078 7.4 x1072 14
1161.2 57— 4f 1.2407 x 107* 3.6%59 2.0x 1073 0.4
2573.9 753.1 85 — 6f 7615 2500.1 105
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TABLE III. (Continued)

Exp. IBA-1
Eiever (keV)  Transition (keV) — J7 — J7 B(M1)(Wa.)  B(E2)(Wu)  Eja(keV)  B(MI1)(Wu)  B(E2)(Wu.)
2517.4 367.1° 67 — 65 100¢ 2670.0
696.3¢ 67 — 6, 13.3(12)¢
814.6° 6] — 4f 2.9(3)
1311.2¢ 6 — 4F 0.39(4)
2999.4 425.7¢ 85 — 8f 56(10)¢ 2997.3 10
849.4° 85 — 6F 100¢ 100
1178.8° 87 — 6f 3.402)° 1.1
3360.0 786.0° 107 — 8} 91722 3178.5 112

-20

2From Ref. [14].
YFrom the lifetime © = 79 £ 65 ps reported in Ref. [10].
“Branching ratios from Ref. [10].

dLifetime unknown, relative B(E2) values are given, assuming pure E?2 transitions.

¢Branching ratios from Ref. [6].
B value corresponding to pure transition.

the expectation is that one is able to distinguish the states with
a predominantly normal configuration, which should be better
described by the predictions of the model, in contrast to other
states (such as, e.g., the intruder ones) which do not belong to
the space of this model. The Hamiltonian used, written in the
usual multipole-expanded form, was

Higa = &g + a0 0)” + a3[(d' )P d'd) V1
+al(d' )P,

with O = (s'd + d's) + x(d'd)®, and was numerically di-
agonalized with the code PHINT [34] for Ny = 9 bosons. The
parameters of this Hamiltonian were determined such as to
get a reasonable description of both the level energies and

their electromagnetic decays. The parameter values were the
following: ¢ = 0.91 MeV, a, = —0.016 MeV, x = —1.328,
a; = 0.08 MeV, and a4 = —0.21 MeV. The electromagnetic
decay rates were calculated with the code FBEM [34]. The
quadrupole transition operator was taken the same as Q, and
the boson effective charge ep, multiplying this operator, was
chosen 0.1 e b. To describe the experimental electromagnetic
decay branching ratios, the M 1 transition operator was chosen
as T(M1) = g, L + B;(QL)Y [35], and the parameter values
(in @y units) were g, = 0.02 and B; = 0.15.

Table III shows an extended comparison between IBA
predictions and experimental data, mainly based on the B(E?2)
strengths. When no information existed on the lifetime of
the excited state, relative B(E?2) values are given, with the

118v[~c
E (keV)
20001 IBA EXP
6 5 6*
| /“\ ; o7
88 i 14 | 2+ o
1500+ 2 39 b i 8075 <160 T
1 100 <210 <1.1 g 100
4" j S | 4* 95—3q 15 H
I —_— 2 S AE A L S 2\ [ 605 11302
\ 34555 \
1000 : L \ —30\ e
6‘ 34 035 69 11 28:_}3 lgt:;; =005
L : 54+45
T T N R e o 2+ ‘[
5001
33 3374
i 0 0*

FIG. 7. Comparison between the IBA-1 model predictions (left) and experimental energies and B(E2) values (right) for ''8Te. The
transitions are labeled by the B(E?2) value. For the 0; level, where the absolute B(E?2) values are not known, the transitions are drawn with

dashed arrows labeled by the relative B(E2) values.
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strongest value normalized to 100 (and assuming that the
considered transitions are pure E2 transitions if their mixing
ratios are not known). Figure 7 shows this comparison for the
levels presumed to belong to multiphonon multiplets up to the
three-phonon one.

The decay pattern of the 3] and 57 states at 1392 and
2368 keV, respectively, are not well described by the IBA-1
calculations. In fact, the experimental transition strengths
confirm their assignment as two-quasiparticle states [6].

V. CONCLUSIONS

Excited states of '"8Te were investigated in this work
with the ' Te(a,ny) reaction at 15.0 MeV incident energy,
performed on a thick target. Lifetimes (or their lower limits)
for most of the excited states of '8 Te below 2.6 MeV excitation
and spin up to 8 & were determined by DSAM analysis
of Doppler broadened y-ray transitions. Also, the analysis
of the y-ray angular distributions measured in the same

PHYSICAL REVIEW C 83, 054310 (2011)

reaction provided multipolarity values §(E2/M1) for many
mixed transitions. As a result, many absolute electromagnetic
transition probabilities could be determined for the low- and
medium-spin, low-energy levels of this nucleus. This allowed
us to investigate the character of these excited states, in
connection with the possible occurrence of intruder states (due
to two-proton excitations across the Z = 50 shell gap) in the
low-energy region, and their possible mixing with the normal
(vibrational) states.

A comparison of the experimental data with the IBA-1
model showed that excited states in ''®Te and their decay
properties can be reasonably described by IBA calculations.
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